Myelination is a complex process that requires coordinated Schwann cell-axon interactions during development and regeneration. Positive and negative regulators of myelination have been recently described, and can belong either to Schwann cells or neurons. Vimentin is a fibrous component present in both Schwann cell and neuron cytoskeleton, the expression of which is timely and spatially regulated during development and regeneration. We now report that vimentin negatively regulates myelination, as loss of vimentin results in peripheral nerve hypermyelination, owing to increased myelin thickness in vivo, in transgenic mice and in vitro in a myelinating co-culture system. We also show that this is due to a neuron-autonomous increase in the levels of axonal neuregulin 1 (NRG1) type III. Accordingly, genetic reduction of NRG1 type III in vimentin-null mice rescues hypermyelination. Finally, we demonstrate that vimentin acts synergistically with TACE, a negative regulator of NRG1 type III activity, as shown by hypermyelination of double Vim/Tace heterozygous mice. Our results reveal a novel role for the intermediate filament vimentin in myelination, and indicate vimentin as a regulator of NRG1 type III function.
INTRODUCTION
Myelination in the nervous system is essential for rapid and efficient propagation of action potentials. Myelin sheath thickness and compaction are affected in numerous peripheral neuropathies (Suter and Scherer, 2003) , indicating that controlled growth of the myelin sheath is crucial during myelination and myelin maintenance. Nevertheless, the basic molecular mechanisms controlling myelin thickness are only partially understood. The key molecule regulating myelin formation in the peripheral nervous system (PNS) is neuregulin 1 type III (NRG1), the activity of which is regulated by extracellular cleavage (Michailov et al., 2004; Taveggia et al., 2005) . This cleavage is mediated by positive and negative regulators such as BACE1 (Hu et al., 2006; Willem et al., 2006) and TACE (ADAM17 -Mouse Genome Informatics) secretases (La Marca et al., 2011) .
Intermediate filaments (IFs) constitute a large family of proteins expressed with a tissue-specific and spatial-temporal pattern in mammals (Coulombe and Wong, 2004; Eriksson et al., 2009 ). In addition to being involved in nerve development and regeneration, IFs, the third fibrous component of the cytoskeleton besides microtubules and microfilaments, may also play a prominent role in myelination. In the peripheral nerve, Schwann cells express glial fibrillary acidic protein (GFAP) in development and nerve regeneration, whereas in the adult nerves GFAP expression is restricted to non-myelin forming Schwann cells (Jessen and Mirsky, 1991; Jessen and Mirsky, 2005) . Axons express neurofilaments and peripherin, which are associated to the maintenance of axonal caliber (Julien, 1999) , and to axonal sprouting, respectively (Belecky-Adams et al., 2003) . Vimentin is an IF that is abundantly expressed in both Schwann cells and neurons. Its expression is high during embryonic development, whereas postnatal vimentin expression is restricted to myelin-forming Schwann cells (Jessen and Mirsky, 1991; Neuberger and Cornbrooks, 1989) , and is gradually replaced by neurofilaments in neurons (Cochard and Paulin, 1984; Perlson et al., 2005) . Of note, vimentin expression is rapidly upregulated in Schwann cells and neurons during nerve regeneration. Recently, axonal vimentin has been implicated in nerve regeneration (Perlson et al., 2005) . However, whether vimentin plays a role in peripheral nerve function and myelination still remains to be determined.
We now report that vimentin is required for proper PNS myelination. Loss of neuronal vimentin induces increased myelin sheath thickness by controlling levels of axonal NRG1 type III. Accordingly, rescue experiments aimed at reducing levels of NRG1 type III in vimentin-null nerves resulted in normal myelination. Finally, vimentin and TACE genetically interact to regulate NRG1 type III levels, as double heterozygous mice (Vim +/-Tace +/-) are hypermyelinated.
MATERIALS AND METHODS

Mice
Generation of vimentin-null (Vim -/-), Nrg1 +/-and Tace +/-mice has been previously reported (Colucci-Guyon et al., 1994; Horiuchi et al., 2007; McCall et al., 1996; Wolpowitz et al., 2000) . The mouse colonies used in our experiments are congenic in C57/Bl6 background. All animal procedures were carried out following Italian regulations and in accordance with the S. Raffaele Institutional Animal Care and Use Committee.
Mouse and rat DRG co-cultures
Mouse DRGs were isolated from E13.5 embryos and organotypic cocultures were established as described (Bolis et al., 2009; Taveggia et al., 2005) . For purified DRG neurons co-cultured with wild-type rat Schwann cells, mouse DRGs were first incubated with trypsin (0.25%) for 45 minutes at 37°C, then mechanically dissociated and plated at a concentration of one to two DRGs per glass coverslip. Isolated rat Schwann cells were prepared as reported previously (Taveggia et al., 2005) and cultured using DMEM with 10% of fetal calf serum, 2 ng/ml recombinant human neuregulin1-1 (R&D Systems) and 2 M forskolin (Calbiochem). 
Histology and morphometric analysis
Semi-thin and ultra-thin morphological studies were performed as described previously (Previtali et al., 2000) , and examined by light (Olympus BX51, Segrate, Italy) and electron microscopy (Zeiss CEM 902, Arese, Italy). Digitalized images of fiber cross-sections were obtained from corresponding levels of the sciatic nerve with a digital camera (Leica DFC300F, Milano, Italy) using a 100ϫ objective. At least four images from four different animals per genotype were acquired (25ϫ10 3 m 2 of sciatic nerve per each animal). Morphometry on semi-thin sections was analyzed with the Leica QWin software (Leica Mycrosystems, Milano, Italy) (Triolo et al., 2006) . The ratio between the mean diameter of an axon and the mean diameter of the fiber, including myelin (g-ratio), was determined on at least 300 randomly chosen fibers per genotype (three animals per genotype).
Antibodies
Antibodies used for immunohistochemistry/western blotting were: anti-actin (Sigma, St Louis, MO, USA); total AKT and phosphorylated AKT (Cell Signaling, Danvers, MA); erbB2 and phosphorylated erbB2 (Santa Cruz Biotechnology, Santa Cruz, CA); myelin basic protein (MBP; Millipore, Vimodrone, Italy); -tubulin (TUB 2.1, Sigma); calnexin (Sigma); GFAP (GA5, Millipore); Krox20 (Covance); total p44-p42 MAP kinases, p-p44 and p-p42 (Cell Signaling); myelin-associated glycoprotein (MAG; Millipore); neurofilament-H (Millipore); neurofilament-L (NR4, Sigma); neurofilament-M (Covance); Peripherin (Millipore); protein-P0 (Abcam, Cambridge, MA); S100 (Sigma); and vimentin (LN6, Sigma; rabbit, Millipore).
Immunohistochemistry
Immunofluorescence on cryosections was performed as described previously (Triolo et al., 2006) , and examined with confocal (Leica SP5, Leica Mycrosystems) and fluorescent microscopes (Olympus BX51, Segrate, Italy). The erbB2/B3-Fc fusion protein was obtained as described (Taveggia et al., 2005) . Unfixed neurons were incubated with the supernatant containing erbB2/B3-Fc for 2 hours at 37°C, and then fixed and revealed with anti-human Fc antibody (Jackson Laboratories, Bar Arbor, ME). The amount of fluorescence was calculated using ImageJ over an area of 5 fields/cover and normalized for the background.
Analysis of myelination
Myelination in DRG explants was evaluated as follows: using a fluorescence microscope (Olympus BX51) at least 5 fields/cover were randomly acquired near to sensory neurons, where usually myelination is more efficient and abundant. The percentage of MBP-positive fibers among the total number of MBP-positive fibers was indicated. This method was validated by scoring MBP-positive myelinated fibers on random fields after 7 days of ascorbic acid treatment and the results were absolutely consistent. Myelination in dissociated Schwann cell/DRG neuron co-cultures was similarly evaluated: at least 10 fields/cover were randomly acquired and MBP-positive segments and Schwann cell nuclei were counted per field. Results were expressed as a ratio between MBP-positive segments and the Schwann cell nuclei.
Western blotting
Proteins were isolated from snap-frozen sciatic nerves of mice and western blotting performed as described (Triolo et al., 2006) . Briefly, nerves were suspended in Tris-buffered SDS or Triton X-100 lysis buffer, sonicated and boiled. Equal amounts of homogenates (5 g for myelin proteins, 50 g for erbB2 and 10-20 g for other proteins) were separated in Laemli sample buffer on SDS-PAGE gel and transferred to nitrocellulose membrane (Biorad, Segrate, Italy). Blots were blocked in PBS/0.05% Tween 20/5% dried milk or BSA, incubated with the appropriate primary and peroxidase-conjugated secondary antibody visualized by ECL (Amersham, Cologno M., Italy), or with a fluorophore-conjugated secondary antibody visualized using Odissey Imaging System (LI-COR Biosciences, Lincoln, NE, USA).
shRNA and lentiviral (LV) production
To downregulate expression of vimentin in isolated Schwann cells, two different shRNA clones were used (Open Biosystems; TRCN0000089832 and TRCN0000029122) cloned into the pLKO.1 LV (human U6 promoter), without a GFP reporter. The transfer constructs were transfected into 293FT cells together with packaging plasmids -8.9 and pCMV-VSGV using Lipofectamine 2000 (Invitrogen). As a control, a vector encoding an shRNA to a nonspecific sequence (luciferase+GFP) was used. Viral supernatants were collected 72 hours after transfection, centrifuged at 3000 rpm for 15 minutes and frozen at -80°C. Using non-concentrated LV, transduction of Schwann cells was performed in two consecutive overnights. After 48 hours from infection, cells were harvested and plated on dissociated wild-type mouse DRGs at 200,000 cells/coverslip. Myelination was induced after 2 days from the seeding by using C-media and ascorbic acid for 7 days. To assess vimentin downregulation in isolated Schwann cells, cells were cultured for 7-10 days after LV transduction and analyzed by western blot.
Statistical analyses
Statistical analyses were evaluated by two tail Student's t-test in all the experiments, except for the analysis of % of axons in Remak bundles and in Schwann cell pocket in which we used  2 test.
RESULTS
To assess loss of vimentin expression in vimentin-null (Vim -/-) mouse nerves, we stained mutant and control nerve sections using anti-vimentin antibody at P15 and P60. Vimentin-null nerves did not show vimentin staining in either Schwann cells or axons ( nerves. Interestingly, in control nerves, besides the expected staining in myelin-forming Schwann cells more evident in P60 nerves (yellow signal in Fig. 1E ), some axon showed vimentin reactivity when the signal was overexposed (yellow signal in Fig.  1A , arrow in 1B). Moreover, loss of vimentin did not result in any compensatory expression of other known intermediate filaments in Schwann cells and axons. Western blotting for GFAP, peripherin, neurofilament-L, neurofilament-M and neurofilament-H showed similar amount in sciatic nerve homogenate of adult vimentin-null and wild-type mice (Fig. 1G ).
Vimentin-null mice are hypermyelinated
We then analyzed the morphology of peripheral nerves of adult mice (P60). We did not find differences in total fiber number and fiber type distribution in sciatic nerves of vimentin-null when compared with wild-type mice ( Fig. 2A-C) . Surprisingly, the myelin sheath of most vimentin-null fibers was thicker than control fibers ( Fig. 2B-D) . Consistently, the mean g-ratio (the ratio between the diameter of an axon and the diameter of the fiber including myelin) of vimentin-null fibers was significantly reduced when compared with controls (wild type 0.70±0.002 versus Vim -/-0.67±0.002; P<0.001; n600 fibers per genotype, three mice per genotype). When we analyzed g-ratio within classes of fibers binned for their axonal diameter, increased myelin thickness was present for all diameters (Fig. 2E ). As hypermyelination could result by pathological shrinkage of the axonal caliber, we evaluated axon size distribution and we did not find any difference between vimentin-null and control mice (data not shown), suggesting that hypermyelination was due to an increased number of myelin lamellae. Length of internodal Schwann cells is directly proportional to axon diameter and myelin thickness (Friede and Bischhausen, 1980) . Thus, we evaluated whether internodal length was changed in vimentin-null nerves. In agreement with thicker myelin sheath, we found that internodal lengths were significantly longer in vimentin-null mice than in controls (wild type 678±5 m versus Vim -/-735±7 m; P0.003; n70 fibers per mouse, three mice per genotype).
We then evaluated whether hypermyelination was present at earlier time points, during development. We analyzed sciatic nerves at P20, when myelination is actively ongoing and we observed fibers with increased myelin thickness and significantly reduced gratio in vimentin-null mice (wild type 0.69±0.003 versus Vim -/-0.64±0.003; P<0.001; n300 fibers per genotype, three mice per genotype). We also evaluated whether the timing of myelination was anticipated in vimentin-null nerves. Ultrastructural analysis of vimentin-null sciatic nerves at P1 showed that the onset of myelination was similar to controls (wild type 1.8±0.3 versus Vim -/-1.5±0.3 myelinated fibers per 200 m 2 ; P value is not significant; n3 mice per genotype; Fig. 2F ).
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Fig. 2. Vimentin-null nerves are hypermyelinated.
(A,B)Semi-thin sections of sciatic nerve from 2-monthold wild-type (A) and vimentin-null (B) mice. Vimentinnull mice show several fibers with increased myelin thickness. (C)Morphometric analysis did not show significant differences in terms of fiber size and density between wild-type and vimentin-null mice. (D)Electron micrograph depicting a single sciatic nerve fiber hypermyelinated in adult vimentin-null mouse (right) when compared with an axon of similar diameter in wild-type mouse (left). (E)g-ratio is consistently reduced in vimentin-null nerves (green) when compared with wild type (blue) for virtually all axon diameters. (F)Semi-thin section of sciatic nerve from P1 wild-type and vimentin-null mice. Few myelinated fibers are present in both genotypes without significant differences. (G)Sciatic nerve homogenates from P5 wild-type and vimentin-null mice, blotted with anti-KROX20 antibody and calnexin as a loading control, and revealed for quantification using the Odissey Imaging System. Quantification of western blot analysis is reported as an average of three independent experiments, and represented as ratio KROX20/calnexin, assigning wild type as 1±s.e.m. KROX20 levels were significantly increased in vimentinnull nerves when compared with wild type (*P0.04; n3). (H)Sciatic nerve homogenates from P20 wildtype and vimentin-null mice blotted with anti-myelin proteins (P0 and MBP), myelin-associated glycoprotein (MAG) and calnexin for loading control. Quantification of western blot analysis is reported as an average of three independent experiments, and represented as the ratios P0/calnexin and MBP/calnexin, assigning wild type as 1±s.e.m. A significant increased amount of P0 (**P0.004; n3) and MBP (*P0.04; n3) was observed in the vimentin-null homogenate. Scale bar: 18m in A,B; 1.4m in D; 2.5m in F.
Western blotting analyses for the promyelinating transcription factor KROX20 (EGR2 -Mouse Genome Informatics) and myelin proteins further confirmed hypermyelination in vimentin-null nerves. At P5, KROX20 was significantly increased in vimentinnull nerves when compared with wild type (Fig. 2G) . Similarly, the expression of MBP and P0 (myelin protein zero), the major peripheral myelin proteins, were also significantly increased in vimentin-null when compared with wild-type mice during active myelination (P20; Fig. 2H ) and in adult mice (P60; data not shown). Overall, our data suggest that hypermyelination in vimentin-null mice is a developmental process and not a transient phenomenon.
Vimentin hypermyelination is neuronal dependent
As vimentin is expressed in both Schwann cells and neurons in the peripheral nerves (Cochard and Paulin, 1984; Perlson et al., 2005) (Fig. 1) , we sought to determine whether the hypermyelination was due to a Schwann cell 'intrinsic' or 'extrinsic' mechanism. Thus, we moved to an in vitro myelinating system by co-culturing Schwann cells with DRG sensory neurons.
First, we determined whether vimentin-null Schwann cell/DRG neuronal co-culture reproduced the hypermyelinating phenotype observed in vivo in vimentin-null mice. Vimentin-null and wildtype E13.5 organotypic DRG explants showed similar extent of neurite outgrowth, as measured 7 days after plating (wild type 5.10±0.23 mm versus Vim -/-5.10±0.10 mm; n12; P value is not significant; data not shown). We then induced myelination by supplementing the cultures with 50 g/ml of ascorbic acid. Seven days after addition of 50 g/ml ascorbic acid, immunofluorescence analysis for MBP segments showed increased myelination in vimentin-null co-cultures. The number of MBP-positive segments was in fact significantly increased in vimentin-null co-cultures when compared with controls (wild type 101±16/mm 2 versus Vim -/-255±42/mm 2 ; P0.002; n33 per genotype; Fig. 3A-C) . Furthermore, ultrastructural analyses showed that both vimentinnull and wild-type co-cultures had normal compact myelin sheath, and confirmed that myelin was thicker in vimentin-null DRGs ( Fig.  3D,E Fig. 3F-H) . Thus, the lack of neuronal vimentin is sufficient to induce hypermyelination.
To evaluate whether loss of vimentin in Schwann cells may also contribute to the hypermyelinating phenotype, we performed the reverse experiment. We knocked down vimentin expression in rat Schwann cells by using specific Vim shRNA encoding lentiviruses and co-cultured them with wild-type DRG neurons. Western blot analysis showed that vimentin expression in transduced rat Schwann cells was reduced up to 90% (Fig. 3M) . As a control, rat Schwann cells were transduced with scramble shRNA. Myelination was not upregulated in co-cultures with knocked down Schwann cells, when compared with wild-type or scramble-infected Schwann cells (Fig. 3I-L) . This result confirmed that hypermyelination in vimentin-null mice is due to loss of vimentin
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Development 139 (7) Fig. 3I-L) . Although the number of Schwann cells in co-culture with shRNA for vimentin was 50% reduced when compared with scramble-infected co-cultures (2000 Schwann cells/mm 2 versus 4000/mm 2 ), the overall number of MBP-positive segments were reduced to one-tenth. Thus, reduced myelination is not likely to be a consequence in the reduced Schwann cell number but an intrinsic defect in glial cells. This experiment may reveal an additional role of vimentin during Schwann cell development, which is likely masked in vivo by the presence of other intermediate filaments. Overall, these data suggest that hypermyelination in vimentin-null mice is due to a neuronal intrinsic mechanism.
Loss of vimentin in neurons determines increased expression of NRG1 type III and hypermyelination
Previous studies showed that threshold levels of axonal NRG1 type III, signaling via activation of the erbB2/3 receptor in Schwann cells, determines the ensheathment fate of the axons and the amount of myelin formed (Michailov et al., 2004; Taveggia et al., 2005) . As the hypermyelination in vimentin-null mice was primarily neuronal intrinsic, we investigated whether thicker myelin was due to increased levels of NRG1 type III. DRG neurons from wild-type and vimentin-null mice were incubated with ERBB2/3-Fc (Fitzpatrick et al., 1998) , a chimeric protein containing the extracellular region of the ERBB2 and ERBB3-NRG1 receptors fused to the Fc region of human IgG. This molecule binds with high affinity to axonal NRG1 type III (Taveggia et al., 2005) . Chimeric ERBB2/3-Fc bound more robustly to vimentin-null neurons when compared with wild-type neurons (Fig. 4A,B) . This result was further confirmed by western blot analysis, showing that levels of NRG1 were significantly increased in isolated DRG neurons from vimentin-null mice when compared with controls (Fig. 4C) .
As PI-3K is a key effector of NRG1 type III signaling and myelination (Ogata et al., 2004) , we evaluated whether this pathway was modulated in vimentin-null nerves. Consistent with higher levels of NRG1 type III in neurons, we found that levels of phosphorylated Akt were significantly increased in vimentin-null nerves at P20 (P0.02) and in adult (P60) mice (P0.0004). Levels of phosphorylated p44 and p42 (MAPK) did not change significantly (Fig. 5 and data not shown) . Finally, we evaluated levels of phosphorylated ERBB2 receptors, which heterodimerize with ERBB3 to constitute the active form of NRG1 receptor in Schwann cells. Levels of phospho-ERBB2 were significantly increased at P20 in vimentin-null when compared with wild-type nerves (P0.02, n3; Fig. 5B ). Taken together, these results provide evidence that hypermyelination in vimentin-null mice is the consequence of increased NRG1 type III level.
Decreased levels of NRG1 type III rescues hypermyelination in vimentin-null mice
To finally prove that hypermyelination in vimentin-null mice is due to increased levels of NRG1 type III, we downregulated Nrg1 by crossing vimentin-null mice with hypomyelinated Nrg1 +/-mice (Taveggia et al., 2005) . As expected, adult Vim -/-Nrg1 +/-mice showed reduced myelin thickness in sciatic nerve when compared with Vim -/-Nrg1 +/+ mice ( Fig. 6A-D Western blot analysis for myelin proteins (P0 and MBP) and phosphorylated Akt levels confirmed that 50% reduction of NRG1 type III is sufficient to rescue hypermyelination. In fact, P0 and MBP protein levels (Fig. 6E ) and phospho-Akt (Fig. 6F) , which are increased in Vim -/-nerves, were reduced to normal levels in Vim
Nrg1
+/-mice. If loss of vimentin increases NRG1 type III levels, morphological defects observed in Nrg1 +/-nerves should be rescued (or ameliorated) in Nrg1 +/-mice when vimentin is also lost (Vim -/-Nrg1 +/-). Thus, to further demonstrate that vimentin modulates NRG1 type III levels, we analyzed Remak bundles in Nrg1 +/-mice, which are abnormally organized as a consequence of reduced NRG1 type III levels. In Nrg1 +/-, non-myelin forming Schwann cells are associated with an increased number of axons, and these axons are frequently incompletely segregated into Schwann cell pockets (Taveggia et al., 2005 leads to an increase of axonal NRG1 type III (Fig. 6G-I) . Furthermore, the percentage of the number of axons per Remak bundle (Fig. 6H) , and the percentage of axons per Schwann cell pocket (Fig. 6I) were significantly reduced in Vim -/-Nrg1 +/-nerves when compared with Nrg1 haploinsufficient mice. All these results confirmed that vimentin modulates NRG1 type III levels in neurons and thus regulates the amount of myelin thickness in Schwann cells.
Vimentin and TACE cooperate as negative regulators of myelination NRG1 type III levels are regulated by BACE1 and TACE secretases (Hu et al., 2006; La Marca et al., 2011; Willem et al., 2006) . BACE1 cleavage of NRG1 positively regulates myelination; however, TACE sheds the active form of NRG1 to an inactive form, thus acting as a negative regulator of myelination. Hence, genetic inactivation of TACE results in peripheral nerve hypermyelination (La Marca et al., 2011) . As vimentin-null mice phenocopy hypermyelination in TACE-null mice, and both act through NRG1 type III, we investigated whether vimentin and TACE might act synergistically to induce hypermyelination. Vim P<0.001; n548 fibers per genotype, three mice per genotype). Western blot analysis confirmed a significant increase in MBP levels in double heterozygous mice (Fig. 7E ). Morphometric analysis of double heterozygous Vim +/-Tace +/-nerves did not show significant differences of fiber type distribution when compared with controls (Fig. 7D) . These results provide strong evidence that vimentin genetically interacts with TACE to modulate levels of NRG1 type III and myelination.
Conclusions
In this study, we describe for the first time the role of a cytoskeleton constituent, IF vimentin, as a negative regulator of myelination. We show that neuronal vimentin regulates Schwann cell myelin thickness by modulating levels of NRG1 type III. Furthermore, we show that vimentin genetically interacts with TACE to modulate myelin thickness.
The control of myelin thickness is fundamental for proper propagation of electrical impulses along the axons and for preservation of their integrity. In fact, peripheral neuropathies are characterized by abnormal myelin thickness, which may secondarily result in axon damage. Understanding processes that control myelin formation is therefore crucial to develop new potential treatments for peripheral neuropathies and dysmyelinating disorders. We report here that vimentin plays a role as a negative regulator of myelination. Different strategies in vivo and in vitro showed that loss of vimentin results in increased myelin thickness through a Schwann cell extrinsic mechanism. Hypermyelination is the consequence of vimentin depletion in neurons, as wild-type Schwann cells still hypermyelinate when co-cultured with vimentin-null neurons. Instead, hypermyelination did not occur in the reverse experiment. Of note, vimentin knockdown in Schwann cells caused hypomyelination rather then hypermyelination. This phenomenon may be the consequence of the acute downregulation of vimentin in Schwann cells, as it was restricted to in vitro studies and not detected in vivo in vimentin-null mice. It is thus possible to speculate that vimentin might have an additional role in earlier stages of PNS development, when Schwann cells have to contact the axons and elongate prior to myelination. Vimentin-null mice do not show any developmental-related phenotype, likely because of compensatory/redundant mechanisms by other intermediate filaments (such as nestin and GFAP) (Jessen and Mirsky, 2005) at earlier stage of development.
Although this is the first report of an intermediate filament being involved in the regulation of myelination, a role for cytoskeletal proteins in the control of myelination is now emerging. A recent study reported the Schwann cell-autonomous role of spectrin in controlling myelination, as spectrin downregulation impairs myelin formation (Susuki et al., 2011) .
The mechanism that regulates myelin formation is not completely understood. Schwann cell fate and the amount of myelination is determined by levels of axonal NRG1 type III (Michailov et al., 2004; Taveggia et al., 2005) . NRG1 binding to the ERBB2/3 receptor on Schwann cell plasma membrane activates the PI3-kinase pathway, resulting in myelination (Ogata et al., 2004; Taveggia et al., 2005) . In our study, we observed increased expression of NRG1 type III in vimentin-null neurons (by both immunohistochemistry and western blot), increased levels of phospho-ERBB2, and of phospho-Akt, the key effector of the PI3-kinase pathway. Hence, vimentin in neurons participates in modulating NRG1 type III expression, and consequently myelin formation. Accordingly, rescue experiment aimed at reducing levels of NRG1 type III in vimentin-null
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Development 139 (7) (A)Homogenate of sciatic nerve lysates from P60 wild-type and vimentin-null mice. Blots were probed for phospho-Akt (pAkt), total Akt (totAkt) and calnexin (cnx) as loading controls and revealed for quantification by Odissey Imaging System. Quantification of western blot analysis is reported as an average of four independent experiments, and represented as ratio pAkt/totAkt, assigning wild type as 1±s.e.m. p-Akt was significantly increased in vimentin-null nerves (***P0.0004; n4). (B)Homogenates of sciatic nerve lysates from P20 wild type and vimentin null. Blots were probed for phospho-ERBB2 (pERBB2) and total ERBB2 (totERBB2), and calnexin as loading control and revealed by Odissey. Quantification of western blot analysis is reported as an average of three independent experiments, and represented as a ratio of phospho-ERBB2/ERBB2 or phospho-ERBB2/cnx, assigning wild type as 1±s.e.m. Although the ratio of phospho-ERBB2/ERBB2 did not show differences, the amount of phospho-ERBB2 was significantly increased in vimentin-null when compared with wild-type nerves (*P0.02; n3).
nerves resulted in reduced myelin thickness, and reduced levels of myelin proteins and phospho-Akt. Our findings mostly recapitulate what previously observed in other hypermyelinating mutants in which NRG1 type III or the pathway it activates, is increased, as in NRG1-overexpressing mice, in Tace conditional knockout mice and in Pten-null mice (Goebbels et al., 2010; La Marca et al., 2011; Michailov et al., 2004) . The only difference was that increased amount of NRG1 signaling in vimentin-null mice was not sufficient to induce myelination of unmyelinated axons, as we did not find myelinated fibers smaller that 1.0 m. Ectopic myelination in the presence of myelinated axons smaller than 1.0 m was observed in TaceFl/Fl Hb9Cre and Pten-null mutant mice, but was not investigated in NRG1-overexpressing mice. However, in vimentin-null mice the increase of hypermyelination is not as pronounced as that observed in other hypermyelinating models, possibly explaining the lack of ectopic myelination in these mutants.
In vitro findings not only confirmed that loss of vimentin in neurons results in increased myelin thickness, but also showed an increase in the number of myelin internodes. These data may suggest that ablation of neuronal vimentin is sufficient to initiate myelination also in vivo. Nevertheless, we did not find in vivo that myelination was temporally anticipated nor that small unmyelinated fibers became myelinated in vimentin-null mice. Initiation of myelination is a complex event in which vimentin could participate as a part of a composite machinery. Although the in vitro myelination co-culture system is a valid and wellestablished system that recapitulates the main events occurring in myelination, this is clearly less complex than the in vivo situation. Thus, it is possible that in vivo vimentin is mainly implicated in controlling myelin thickness and is not sufficient to dictate initiation of myelination, which could be controlled by other mechanisms also acting on NRG1 type III.
Increased NRG1 type III levels may be the consequence of (1) increased synthesis, (2) increased transport along the axons and (3) increased activation/reduced inactivation. How NRG1 is synthesized and transported along the axon to the plasma membrane is not known. It seems unlikely that vimentin and NRG1 type III interact, as loss of vimentin results in hypermyelination, whereas loss of NRG1 type III in hypomyelination. However, (Taveggia, 2005) , when the level of NRG1 is elevated in double heterozygous mice (Vim -/-Nrg1 +/-), almost all axons are present in individual Schwann cell pocket. Differences between the two groups were significant ( 2 ; P0.01). Scale NRG1 type III is processed by endopeptidasis to regulate its activity. In fact, the -secretase TACE sheds NRG1 type III and inactivates its function (Horiuchi et al., 2005; La Marca et al., 2011) . Interestingly, genetic inactivation of TACE resulted in peripheral nerve hypermyelination as in vimentin-null mice (La Marca et al., 2011) , suggesting that these molecules could belong to the same pathway that modulates myelination. In agreement, in a classical genetic experiment, we observed that Vim +/-Tace +/-nerves were hypermyelinated, thus phenocopying single gene inactivation in homozygousity, whereas both Vim +/-or Tace +/-heterozygous mice were normally myelinated. Recent reports expanded the potential role of vimentin as a dynamic and mobile scaffold for localization and long-distance transport of soluble molecules. Vimentin can move bi-directionally on microtubules, towards plus ends in association with kinesin (Prahlad et al., 1998) , and towards minus ends in association with dynein (Helfand et al., 2002) . In neurons, vimentin was shown to regulate the axonal transport of phosphorylated MAP kinesis after injury (Perlson et al., 2005) . It is tempting to speculate that vimentin regulates NRG1 levels by presenting TACE at the site of its protease activity. However, whether and how vimentin is involved in the transport of NRG1-associated sheddases will need further investigation.
In conclusion, we describe a previously uncharacterized mechanism that controls peripheral nerve myelination during development by modulating the NRG1 type III signaling pathway. For the first time, intermediate filaments are shown to be directly involved in controlling myelination and we provide evidence that vimentin and TACE act on the same pathway to regulate myelination. Thus, our study provides a new opportunity for understanding mechanisms that may regulate NRG1 type III signaling in axons, and new potential targets for therapeutic intervention.
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